Internet of Things (IoT) will play an important role in modern communication systems. Thousands of devices will talk to each other at the same time. Clearly, smart and efficient hardware will play a vital role in the development of IoT. In this context, the importance of antennas increases due to them being essential parts of communication networks. For IoT applications, a small size with good matching and over a wide frequency range is preferred to ensure reduced size of communication devices. In this paper, we propose a structure and discuss design optimization of a wideband antenna for IoT applications. The antenna consists of a steppedimpedance feed line, a rectangular radiator and a ground plane. The objective is to minimize the antenna footprint by simultaneously adjusting all geometry parameters and to maintain the electrical characteristic of antenna at an acceptable level. The obtained design exhibits dimensions of only 3.7 mm × 11.8 mm and a footprint of 44 mm 2 , an omnidirectional radiation pattern, and an excellent pattern stability. The proposed antenna can be easily handled within compact communication devices. The simulation results are validated through measurements of the fabricated antenna prototype.
Introduction
In the modern era, the internet has revolutionized the way of gathering and processing information. An increasing number of communication devices are connected to the internet owing to their compact size and cost effectiveness. Hence, the concept of Internet of Things (IoT) has been introduced. A widespread use of wireless networks also promotes shift towards modern communication devices rather than traditional ones such as desktop computers, tablets, etc. According to the recent survey, over 50 million such devices will be interconnected with each other via internet by the end of this decade [1] [2] [3] . The required hardware structure for IoT devices is different from that for traditional communication networks. Therefore, design and manufacturing processes of these devices should account for their role in the future communication systems and their specific applications. In particular, the advent of IoT calls for new wireless microwave systems which are cost-effective and compact by design, offer high data transmission rates, a low power consumption, so that they could be used in wearable devices [4] .
In recent years, there have been research efforts observed towards designing specific antennas for IoT applications with a narrow bandwidth, such as a miniature antenna for IoT [5] , a dual band antenna [6] , or a compact reconfigurable antenna [7] . However, the selection of a specific antenna for any application may be a real challenge. Some of research efforts are focused on identifying suitable technologies for fifth-generation communication and IoT applications, especially to enable handling all devices by one system [8] . Hence, it is actually more important to design antennas which offer a wide frequency range of operation [9] . On the other hand, design of compact antennas for any wireless system is a non-trivial task due to fundamental limitations pertinent to electrically small antennas [10] .
In this paper, we propose a structure of a compact monopole antenna for IoT applications. Numerical optimization is performed to minimize the antenna size and to ensure its acceptable matching. The selected frequency range of interest is 5 GHz to 10 GHz, important for 5G technology [11−13] . The selection of the frequency is made due to the advancement in technologies such as 4G and 5G. The footprint of the optimized antenna is only 44 mm 2 . Due to its small size and good electrical performance, the proposed antenna can be a good candidate for various IoT applications; in particular, it can be easily mounted on small wireless devices. An alternative version of the antenna with improved matching obtained at the cost of a slight size increase is also considered. The simulation and measurement results confirm good electrical and field properties of both structures.
Antenna structure
The antenna geometry is shown in Fig. 1 . The structure is a modification of a basic rectangular monopole antenna with an additional micro-strip section (parameters L2, w2) added to serve as an impedance transformer to facilitate wideband matching. The antenna is implemented on Taconic RF-35 substrate (εr = 3.5, h = 0.762 mm, tanδ = 0.0018).
The design variables are x = [L1 L2 L3 w1 w2 Lg wg dL dw]
T ; ws = w2 + 2.dw; w0 = 2 mm is fixed to ensure 50-ohm input impedance. The computational model is implemented in CST Microwave Studio [14] (~200,000 mesh cells, simulation time 2 minutes). The EM model is equipped with an SMA connector in order to enable reliable experimental validation of the design. The antenna is supposed to operate in a frequency range from 5 GHz to 10 GHz.
Design optimization
Our primary goal is to reduce the antenna size while maintaining acceptable matching within a 5 GHz to 10 GHz frequency range. To achieve this, all geometry parameters of the antenna have been adjusted simultaneously through numerical optimization. Let A(x) = (L1 + L2 + L3 + dL). ws and S(x) = max{|S11(x)|5 GHz to 10 GHz} be the antenna footprint and EMsimulated maximum in-band reflection level, respectively. In rigorous terms, the objective is to reduce A(x) and ensure S(x) ≤ -10 dB. Thus, the task is to solve (cf. [15] ):
where: β is a penalty factor (here, β = 1000), whereas c is a penalty function defined as c(S(x)) = max{S(x)+10)/10, 0}. The penalty term enforces S(x*) to satisfy the -10 dB threshold [15] . In this work, the problem (1) is solved using the trust-region-based [16] gradient search. The finite differentiation is used to estimate the reflection response Jacobian. For the sake of comparison, the antenna will be also designed for the best possible matching within the frequency range of interest (5 GHz to 10 GHz). In this case, we use a simpler formulation of the following form:
The optimization engine is the same as before (TR-based gradient search with numerical derivatives).
Results and experimental verification
In this section we provide the results of antenna optimization. We consider two cases: (i) the miniaturization-oriented optimization, and (ii) the matching-oriented design. The reason for considering the alternative design is to identify the benefits of miniaturization-oriented design in terms of an additional size reduction achieved but also to examine the electrical and field performance differences between the two structures.
The antenna of Fig. 1 has been optimized using the approach described in Section 3. We will refer to the antenna optimized for the minimum size as Antenna I, and to the antenna optimized for the best matching as Antenna II. The detailed antenna dimensions are shown in Tables 1 and 2 , respectively. The footprint area of Antenna I is only 44 mm 2 , whereas the footprint of Antenna II is 69 mm 2 . Fig. 2 shows photographs of the fabricated antenna prototypes. The simulated and measured reflection responses are shown in Fig. 3, whereas Figs. 4 through 7 show the simulated and measured radiation patterns. Finally, Fig. 8 shows the simulated and measured achieved gain of both antennas. It can be observed that an agreement between the simulation and measurement results is very good. Relatively large discrepancies of E-plane radiation patterns for certain directions are due to the shadowing effect of the 90-degree bend the antenna was mounted on during the measurement process. Formulating the design problem as described in Section 3 enables to ensure that the optimized design exhibit the smallest size while still satisfying the matching requirements at the prescribed frequency range of 5 GHz to 10 GHz. The simulated maximum in-band reflection for Antenna II was about -14 dB which leaves a sufficient margin to accommodate such effects as fabrication and assembly tolerances or inaccuracy of the computational model, and still to obtain acceptable matching for the measured prototype. This can indeed be observed in Fig. 3b . On the other hand, Antenna I exhibits a slight violation from the -10 dB threshold for frequencies between 9 GHz and 10 GHz.
The H-plane radiation patterns of both antennas are omnidirectional throughout the entire frequency range. For E-plane patterns, as mentioned before, a noticeable difference between the simulation and measurement results can be identified which is a result of the aforementioned shadowing effect. The achieved gain of both antennas is almost linear from 5 GHz to 10 GHz. The gain performance is excellent, given a very small footprint size. Figure 7 shows the simulated total efficiencies of the antennas. Clearly, the efficiency of Antenna II is higher than that of Antenna I. Nevertheless, the average in-band total efficiencies for both antennas are over 90% (92% for Antenna I and 96.5% for Antenna II).
The optimized antennas have been also compared in respect to the pattern stability, using the pattern stability factor (PSF) [17] that represents the relationship between radiation in a reference direction and radiation in all other directions over a specified bandwidth; here, the operational bandwidth of the antenna. As indicated in [17] , for a good performance of a UWB system, PSF of 0.95 or larger is desired. PSF is defined as:
where: Ω is a range of operating directions (here, following [17] , the H-plane is considered, so that the integral in (3) is reduced to a linear one); and ( ) C R r is a frequency-domain correlation pattern defined as [17] :
where: ( , ) E r f r is a far-field electric field in the direction r r ; R r is a reference direction; and * denotes a complex conjugate.
The PSF values for Antenna I and Antenna II are 0.956 and 0.962, respectively. This means that miniaturization of the antenna structure (specifically, Antenna I over Antenna II) has no negative effect on the pattern stability, similarly as concluded in [18] .
Finally, in order to verify the robustness of the design, three copies of each antenna have been fabricated. The measured reflection responses have been shown in Fig. 8 . It can be observed that the characteristics closely resemble each other, indicating that the designs are robust in respect to manufacturing and assembly tolerances. The frequency range of operation (5 GHz to 10 GHz) is marked using a horizontal line.
Conclusion
In the paper, the structure and design optimization of a miniaturized wideband antenna for Internet of Things applications is presented. Simultaneous adjustment of all geometry parameters of the antenna enables to achieve a very small footprint of only 44 mm 2 and a good matching within the prescribed frequency range of 5 GHz to 10 GHz. At the cost of certain increase of its size (to 69 mm 2 ), the antenna matching can be improved by around 4 dB. The discussed structures exhibit a good electrical and field performance, including high efficiency, omnidirectional radiation pattern, high pattern stability, and almost linear gain.
